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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  
• Nanostructured CuFeCo particles ac-
quire superhydrophobicity through 
functionalisation with dodecanoic acid. 
• The superhydrophobic CuFeCo particles 
separate oil from water. 
• The superhydrophobic CuFeCo particles 
capture microplastics at different 
concentrations.  







A B S T R A C T   
A superhydrophobic CuFeCo powder alloy, obtained by combining high-energy ball milling (HEBM) and liquid 
phase deposition (LPD), was used to remove high-density polyethylene fibres from water. After 48 h of HEBM, 
CuFeCo solid solution powder with ferromagnetic properties was obtained. High-resolution transmission electron 
microscopy showed a crystallite size of 20 nm, confirming its nanostructure. The metallic CuFeCo powder surface 
was functionalised with dodecanoic acid to confer superhydrophobicity (water contact angle = 162 ± 1◦) and 
superoleophilicity (oil contact angle ~ 0◦). Taking advantage of its superwettable properties, superhydrophobic 
CuFeCo particles were used to capture microplastics (270 µm < size < 1240 µm), which is an innovative 
application of superhydrophobic materials. This study demonstrates an innovative way of using super-
hydrophobic materials in environmental applications such as the removal of solid pollutants like microplastics.   
1. Introduction 
An increasingly important issue in the 21st century is the emergence 
of microplastics (MP) as significant pollutants of natural waters 
compared to other types of pollutants such as heavy metals and oil spills. 
It is estimated that between 19 and 23 million metric tons of MPs were 
generated in 2016 around the globe, with this figure projected to reach 
up to 53 million metric tons by 2030 [1]. These solid pollutants directly 
affect the environment [2,3] and human health [4,5]. MPs are defined as 
solid polymers that present different chemical compositions and shapes, 
with a size smaller than five millimetres in length [6,7]. There are 
currently several methods available to remove MPs from water or waste 
water, such as electrocoagulation [8], air flotation [9], the use of 
filtration membranes [10], and the application of seagrass [11], among 
others [12]. There are also more innovative methods to remove MPs, 
such as the use of photocatalytic Au@Ni@TiO2-based micromotors to 
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remove personal care products [13] and the application of a microfluidic 
device to sort and separate MPs via serial faradaic ion concentration 
polarisation. Furthermore, MP surfaces can be functionalised with hy-
pochlorite (ClO-) [14] or magnetite (Fe3O4) nanoparticles [15] to 
change their wettability properties and easily remove them by air 
flotation. Additionally, there are analytic methods used to separate MPs 
from aqueous solutions such as using castor oil [16] or canola oil [17]. 
Despite these processes, the use of membranes in the removal of MPs 
is gaining increasing attention because their production can be scaled 
up. Examples of the applications of such membranes include the use of 
polyacrylonitrile membranes in the removal of polystyrene spheres [18] 
and membrane bioreactors in the removal of MPs with an efficiency of 
79.01% [19]. 
In the removal of different types of pollutants such as oils, super-
hydrophobic materials have shown promising results in separating oil 
from water when used in polymer membranes [20,21], metallic meshes 
[22,23] or sponges [24,25]. These systems have a water contact angle 
(WCA) > 150◦, a sliding angle (SA) < 10◦ and a contact angle hysteresis 
(CAH) < 10◦ [26]. Moreover, if air is replaced by oil in the three-phase 
system (water-air-solid), the surface presents superoleophilicity under 
water, with an oil contact angle (OCA) close to 0◦ and rapid spreading 
that allows oil/water separation [27–29]. Despite the fact that these 
superwettable surfaces can remove immiscible pollutants, the actual 
challenge is to remove solid pollutants such as MPs. There are several 
methods that can be used to obtain superhydrophobic materials such as 
chemical etching [30,31], electrodeposition [32–34], sol-gel processes 
[35,36], hydrothermal processes [37,38] and liquid phase deposition 
(LPD) [39]. However, these are usually difficult to scale up and use in 
industrial applications. In this scenario, mechanical alloying (MA) or 
high-energy ball milling (HEBM) offers some advantages as they can 
produce large quantities of solid-state nanostructured materials with 
relatively simple equipment at room temperature and using a sustain-
able process [40–43]. 
Here, we report a superhydrophobic solid solution of CuFeCo alloy 
particles used to remove MPs. A nanostructured CuFeCo alloy with 
ferromagnetic properties was obtained using HEBM for 48 h. After that, 
the surface was functionalised by the LPD of dodecanoic acid (also 
known as lauric acid) in order to confer superhydrophobic and super-
oleophilic properties due to the intrinsically hydrophobic nature of the 
fatty acid. Taking advantage of their superwettable properties, particles 
of the CuFeCo alloy were used to capture MPs, demonstrating that 
superhydrophobic/superoleophilic materials can remove solid pollut-
ants via the migration of MPs from water to the organic phase. This 
application of superhydrophobic materials opens up a new way to use 
these materials in the removal of solid pollutants. 
2. Experimental procedure 
2.1. Sample preparation 
HEBM was carried out to obtain a nanostructured CuFeCo alloy using 
commercial powders of elementary Cu, Fe and Co (50:25:25 wt%). The 
metallic powder was milled at 300 rpm using a Pulverisette P6 high- 
energy planetary ball mill (from Fritsch) for different amounts of time 
(24 h, 36 h, 48 h and 96 h). To prevent oxidation, the experiment was 
carried out under an argon atmosphere (> 99.9996%, purchased from 
Linde). High-strength steel balls (12 mm in diameter) were used at a 
ball-to-powder weight ratio of 20:1. LPD was carried out to confer 
superhydrophobicity to the ferromagnetic CuFeCo alloy. To prepare the 
superhydrophobic powder, 0.5 g of the mechanically alloyed powder 
was immersed in a solution of 0.3 M dodecanoic acid (99.8% extra pure) 
dissolved in synthesis-grade absolute ethanol (both purchased from 
Scharlab) for 24 h. Afterwards, the solid was washed several times with 
ethanol and dried in a fume hood. 
2.2. Characterisation techniques 
The morphology, composition and distribution of the processed 
powder grain sizes, as well as the changes at the surface of the particles 
produced by the dodecanoic acid functionalisation, were characterised. 
Phase evolution of the alloying process was measured with a PAN-
alytical X′Pert Pro MPD θ/2θ Bragg-Brentano X-ray powder diffrac-
tometer (240 millimetres in radius) with Cu Kα radiation (1.5418 Å). 
Powder morphology was determined by a JEOL J-7100 field emission 
scanning electron microscope (FESEM) with an energy-dispersive X-ray 
spectroscopy (EDS) detector to assess element distribution and a back-
scattered electron (BSE) detector to observe the mean atomic number 
contrast. The particle-size distribution (PSD) of the CuFeCo particles was 
assessed by measuring the size of 200 particles in different FESEM mi-
crographs and determining the particle size with ImageJ. High- 
resolution transmission electron microscopy (HR-TEM) was also used 
to confirm the crystal structures obtained from the X-ray studies. A JEOL 
JEM 2100 transmission electron microscope with an EDS detector and a 
Scanning Transmission Electron Microscope (STEM) annular dark field 
was used to characterise the nanostructure. The CaRIne and Gatan 
software was used to determine the planes as well as the crystallite size 
of the CuFeCo solid solution. High-resolution X-ray photoelectron 
spectroscopy (HR-XPS) was also used to determine chemical composi-
tion at the surface level with the PHI ESCA-5500 XPS system, using a 
monochromatic X-ray source (Kα(Al) = 1486.6 eV and 350 W). Spectral 
analysis was carried out with the MultiPak software. Infra-red spec-
troscopy was also undertaken to confirm the surface functionalisation, 
using attenuated total reflectance-Fourier transform infrared spectros-
copy (ATR-FTIR; ABB Bomem FTLA) in the range of 4000–525 cm− 1 at a 
resolution of 4 cm− 1. The magnetic properties of the powders were 
evaluated with the MPMS-XL superconducting quantum interference 
device (SQUID) magnetometer to evaluate the magnetic properties at 
300 K. Brunauer–Emmett–Teller (BET) was applied to calculate the 
specific surface area and the pore size on the basis of nitrogen adsorption 
isotherm measurements at 77 K with a TriStar 3000 V 6.04 A in a relative 
pressure (P/P0) range from 0.011 to 0.349. To measure the WCA, a 
Levenhuk DTX digital microscope was used with a 3.5 µL droplet of 
deionised water at room temperature. Mechanically alloyed CuFeCo 
particles were sprinkled over a flat surface containing an adhesive 
before being flattened by a glass slide in order to prevent roughness 
effects, with the excess powder removed thereafter [44]. The reported 
average of contact angle measurements were obtained by three repeti-
tive measurements at different sites on the surface. To observe the 
morphology of the MPs before and after the separation process, a Motic 
reflected light microscope with white light was used. MP measurements 
were performed with the ImageJ software. 
2.3. Oil/water separation 
Oil/water separation was performed by adding the minimum mass of 
superhydrophobic CuFeCo particles to a glass vial containing 5 mL of 
deionised water until all the oil (stained with Oil Red O that was pur-
chased from Scharlab) had been immediately adsorbed onto the metal. 
The oils used were hexane (synthesis grade; purchased from Scharlab), a 
mixture of o-, m- and p-xylene (synthesis grade; purchased from Alfa 
Aesar) and petroleum ether, boiling range 40–60 ◦C (environmental 
grade; purchased from Scharlab). The CuFeCo powder was added to the 
solution until it had adsorbed all the oil and the red colour was no longer 
observable. After that, a neodymium permanent magnet (13,000 Gauss) 
was used to separate the CuFeCo powder containing the oil from the 
water. Finally, the water was decanted, while the powder was rinsed in 
ethanol several times and dried in a fume hood. To recycle the CuFeCo 
particles so that they could be used again to remove oil, they were 
washed three times with absolute ethanol after each oil/water separa-
tion cycle and then dried in a fume hood for a few minutes until the 
ethanol had evaporated. The residual oil in water was determined by a 
O. Rius-Ayra et al.                                                                                                                                                                                                                              
Colloids and Surfaces A: Physicochemical and Engineering Aspects 627 (2021) 127075
3
Levenhuk DTX digital microscope as well as the presence of Oil Red O. 
This oil/water separation process was of interest for the capture of MPs 
by the superhydrophobic CuFeCo particles. 
2.4. Capture of microplastics 
SiC P320 abrasive paper was used to grind high-density polyethylene 
(HDPE) pellets to obtain MP fibres (ranging from 270 µm to 1240 µm). 
Different concentrations of HDPE microfibres (ranging from 0.2 to 2.2 
MP/mL) were added to a glass vial containing 5 mL of deionised water, 
which was then sonicated to heterogeneously distribute the fibres. After 
that, 50 µL of oil (hexane, xylene or petroleum ether) were poured into 
the glass vial containing the MPs, with the mixture under constant 
stirring and the MPs displaced to the bottom part of the vortex as a result 
of the centripetal force. The solvent did not partially dissolve the MPs or 
cause them to swell. The superhydrophobic CuFeCo particles (0.1 g) 
were added to the vial to capture the MPs. After that, a neodymium 
permanent magnet (13,000 Gauss) was used to retrieve the mixture of 
superhydrophobic CuFeCo particles, MPs and oil. Finally, under a 
magnetic field, the MPs were immobilised, and the aqueous phase was 
decanted to another vial and separated from the MPs, which were 
washed with absolute ethanol. The residual MP in water were deter-
mined by a Levenhuk DTX digital microscope as well as the presence of 
Oil Red O. 
3. Results and discussion 
3.1. Microstructural characterisation 
FESEM was performed to determine the relationship between phase 
evolution and microstructural changes during the HEBM process. 
Moreover, EDS was carried out to determine the atomic distribution 
with milling time. Fig. 1 shows the evolution of particle morphology and 
size as a function of the milling time. Before HEBM, the particle 
morphology of the raw powder showed three different morphologies 
corresponding to Cu with a dendritic shape, Fe in perfect spheres and Co 
as platelets (Fig. 1S). The size of the particles decreased with the milling 
time. At short milling times, irregular shapes were more common and 
most of the particles were agglomerated (Fig. 1a). With longer milling 
times, the particle size was much smaller and more homogenous 
(Fig. 1c–d). For instance, particle sizes were around 10 ± 8 µm after 24 h 
of milling. After 48 h, there was no significant decrease in size, which 
was also the case after 96 h of milling (Fig. 1d). Semiquantitative EDS 
analysis of the CuFeCo powder milled for 48 h revealed characteristic Kα 
lines for Fe, Cu and Co of the solid solution at 6.398 eV, 8.040 eV and 
6.924 eV, respectively (Figure S2). 
HR-TEM was used to determine the crystal size, the nanostructure 
and also the unit cell obtained after HEBM. Fig. 2a depicts the nano-
structure of the sample obtained after 48 h of milling, which was formed 
of crystals measuring around 20 nm [45,46]. In addition, the selected 
area electron diffraction (SAED) of this sample showed a ring patterning 
Fig. 1. FESEM micrographs of the CuFeCo particles milled for (a) 24 h, (b) 36 h, (c) 48 h and (d) 96 h.  
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where five different planes could be identified: {111}, {200}, {220}, 
{311} and {222} corresponding to an fcc unit cell (Fig. 2b). 
XRD confirmed that the CuFeCo solid solution powder had an fcc 
crystalline structure [46]. Fig. 3 shows the evolution of the CuFeCo 
powder composition initially and after different milling times. Initially, 
there were three different phases assigned to copper (fcc), where each 
peak corresponded to the planes {111}, {200}, {220}, {311} and {222}. 
For cobalt (fcc), the planes were assigned to {100}, {200}, {220} and 
{311}. Finally, in the case of iron (bcc), the assigned planes were {110}, 
{200}, {211} and {220}. 
With increasing milling times, the peaks associated with Co and Fe 
showed reduced intensity and were no longer present after 24 h of 
milling. A peak broadening was also observed due to a reduction in the 
crystallite size, an accumulation of strain after each increase in milling 
time as well as instrumental broadening. During mechanical alloying, 
powder particles are forced to deform strongly through collisions with 
the milling media, being repeatedly deformed, cold-welded and frac-
tured. Therefore, the density of defects, such as dislocations and va-
cancies, increases significantly, which increases atomic diffusion 
through the structure. In addition, refined microstructural features 
decrease the diffusion paths and promote atomic mobility. Continuous 
deformation severely distorts the unit cell structure. Thus, the slight shift 
in the 2θ position of the peaks observed in the XRD patterns (Fig. 3) was 
due to changes in the main lattice parameter. Ball milling produced a 
CuFeCo nanostructured powder alloy after 24 h of processing, which 
tended to decrease particle size as well as the crystallite size. This, in 
turn, led the Fe and Co atoms to be found in the Cu matrix, resulting in 
the whole fcc structure. These results indicated that ball milling caused 
the formation of a CuFeCo solid solution at room temperature in a 
homogenised way. Moreover, particle size after different ball milling 
times stabilised, with a plateau reached at 48 h of ball milling. These 
experimental conditions were selected to study the magnetic properties 
and surface functionalisation of the powder and its application in the 
capture of MPs. 
3.2. Magnetic characterisation 
The magnetic properties of the powder after milling were analysed 
under the same conditions (300 K). Fig. 4 shows the ferromagnetic 
behaviour of the unprocessed powder and the powder obtained after 
48 h of milling. Hysteresis loops were observed, in which the magnetic 
saturation (Ms) of the raw powder was around 50 emu/g. All the me-
chanically alloyed powders presented ferromagnetic behaviour, notably 
the powder obtained after 48 h of milling that showed the best 
improvement in ferromagnetism (27 emu/g). Raw powder presented the 
highest saturation compared with the milled samples. This is because the 
Ms is strongly related to chemical composition rather than the micro-
structure of the system [40,47]. At the beginning, an inhomogeneous 
and disordered composition was present, and the magnetic properties of 
the Fe and Co atoms (the ones responsible for the magnetic behaviour) 
were not diluted by the Cu atoms, thus resulting in a significant MS. With 
a prolonged milling time, the increase in MS was due to the completion 
of alloying and a decrease in magnetocrystalline anisotropy caused by 
microstructure refinement, which led to an easier rotation of the mag-
netic vector [46]. 
Knowing that the magnetisation process originates through domain 
wall movement and spin rotation, it can thus be affected by crystallite 
refinement. When the crystallite size is of a few nanometres, each 
crystallite can be considered a single magnetic domain eliminating the 
influence of magnetic walls [46]. For smaller crystallites, ferromagnetic 
exchange interactions predominate, preventing the magnetic moments 
from aligning parallel to the easy axis of each individual crystallite. This 
results in a considerable reduction in magnetocrystalline anisotropy due 
to the averaging effect of magnetisation over randomly orientated 
nano-sized crystallites. Fig. 4 shows variations in the coercive field (Hc) 
before and after 48 h of milling. This parameter is structurally sensitive, 
and the changes are explained by the microstructural and compositional 
evolution. Coercivity increased from 25 emu/g for the initial powder to 
50 emu/g after 48 h of milling due to the sharp reduction in the crys-
tallite size (20 nm). In addition, it is known that for alloys with a large 
dislocation density, as observed in the case of the mechanically alloyed 
samples, Hc is dominated by the long-range residual stresses generated 
by dislocations [46]. 
3.3. Surface characterisation 
ATR-FTIR spectroscopy allows the determination of the chemical 
composition of powder functionalised with dodecanoic acid [48,49].  
Fig. 5 shows the spectra for the region between 4000 cm− 1 and 
1200 cm− 1, where the difference between the functionalised powder 
and pure dodecanoic acid can be clearly seen. In the case of pure 
dodecanoic acid, an intense and sharp band at ca. 1700 cm− 1 was 
assigned to νC–O. By contrast, this band was not present in the spec-
trum for the functionalised powder, but a sharp and low intense band 
appeared at ca. 1580 cm− 1 corresponding to νasCOO-. Moreover, both 
spectra shared three different sharp and intense bands corresponding to 
the carbon chain appearing at ca. 2951 cm− 1, ca. 2911 cm− 1 and ca. 
2845 cm− 1 and assigned to the alkyl chain stretching modes νasCH3, 
νasCH2 and νsCH2-CH2, respectively. This difference between the two 
spectra allowed the identification of the presence of a carboxylate group 
on the metallic substrate. Additionally, the CuFeCo powder before 
milling and after LPD were also compared showing total absorbance. 
The oxidation state as well as the chemical environment of the sur-
face was determined using HR-XPS. Several peaks were identified in the 
spectra that were assigned to: C-1 s (285 eV), O-1 s (531 eV), Fe-2p3 
Fig. 2. HR-TEM images of a CuFeCo alloy sample obtained after 48 h of ball 
milling: (a) bright-field image showing crystals of around 20 nm and (b) SAED 
pattern that shows an fcc crystalline cell. 
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(712 eV), Co-2p3 (780 eV) and Cu-2p3 (934 eV). Their atomic per-
centages were also calculated (Table 1). 
The HR-XPS spectrum of C-1s (Fig. 6a) showed two deconvolutions 
at 284.1 eV and 287.8 eV that were assigned to the C-C bond and 
carboxylate group (COO-), respectively [50,51]. The O-1s peak (Fig. 6b) 
was also deconvoluted into three components: a peak at 529.6 eV cor-
responding to the oxygen-metal bond (O-M), a peak at 531.1 eV also 
corresponding to the oxygen-metal bond (O-M) and a peak at 532.2 eV 
corresponding to O-C. For the oxygen-metal bond deconvolutions, their 
chemical environment was assigned to α-FeOOH and Co(OH)2, respec-
tively [52,53]. Cu-2p showed four peaks (Fig. 6c) that were assigned to 
its spin orbit splitting and the corresponding shake-up satellites. The 
peaks at 933.8 eV and 942.3 eV corresponded to Cu-2p3/2 and its sat-
ellite, respectively, while the peaks at 953.5 eV and 962.3 eV were 
assigned to Cu-2p1/2 and its satellite, respectively, with the main sign of 
Cu-2p3/2 assigned to Cu(OH)2 [52,54]. Fe-2p was deconvoluted into 
three peaks corresponding to the Fe (III) oxidation state (Fig. 6d). The 
peak at 712 eV was assigned to Fe-2p3/2, while the one at 723 eV 
corresponded to Fe-2p1/2. The peak at 717.9 eV was assigned to a 
shake-up satellite from the 2p3/2 contribution. The deconvolution of 
Fe-2p3/2 was assigned to the presence of α-FeOOH [53]. Finally, for 
Co-2p3 (Fig. 6e), the characteristic spin orbit splitting from the p orbitals 
was clearly observable in the spectra, with the peak at 780.3 eV corre-
sponding to Co-2p3/2 and the peak at 795.8 eV assigned to Co-2p1/2. 
Moreover, the peaks at 785.3 eV and 802.8 eV corresponded to the 
shake-up satellites, respectively, with the main deconvolution of 
Co2p3/2 assigned to Co(OH)2 [53,54]. 
Chemical characterisation was performed to determine the func-
tionalisation of the CuFeCo ferromagnetic powder and changes in the 
wettability of the surface. Both ATR-FTIR and HR-XPS elucidate the 
presence of a carboxylate group (COO-) in a functionalised surface 
derived from dodecanoic acid, confirming that during the LPD the fatty 
acid has reacted with the metallic surface to generate metal- 
dodecanoate all over the surface: 
M0
/
M − OHads + n C11H23COOH →
EtOH
M(C11H23COO)n + n⋅H2O (1)  
where M = Co, Cu, Fe. Usually, metallic surfaces present hydroxyl 
groups adsorbed onto the surface that have an alkaline character. In 
LPD, carboxylic acid from the fatty acid reacts with these hydroxyl 
groups to produce metallic carboxylates, with the metals present in the 
solid solution. The presence of the carboxylate decreases the surface free 
energy of the system that, combined with the well-known hierarchical 
structure, confers superhydrophobic properties to the CuFeCo particles. 
This property is characteristic of a Cassie-Baxter state [55]. 
3.4. Wettable properties 
As mentioned before, wettability is a key point when defining a 
surface as superhydrophobic. Thus, it is essential to measure its WCA. 
Before surface modification, the prepared CuFeCo powder showed hy-
drophilicity, with a WCA of 87 ± 1◦ that indicated surface carbon 
contamination. After modification with dodecanoic acid, the WCA was 
162 ± 1◦ and the CAH was 1 ± 1◦, indicating superhydrophobicity and 
low adhesion properties (Fig. 7a-b). The OCA was also measured using 





















Fig. 3. XRD patterns for the CuFeCo composition initially and after different milling times (* for Cu, ○ for Co and • for Fe).  
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organic solvents (hexane, petroleum ether and xylene). Instantaneous 
and total oil adsorption was observed in all cases. Therefore, the OCA 
was ~ 0◦ (Fig. 7c). Another interesting and useful property of these 
systems is that they are superoleophilic under water when air is replaced 
by oil in the air-water-solid three-phase system. 
It should be mentioned that the functionalised CuFeCo particles 
retained their superhydrophobicity (the WCA, SA, and CAH did not 
change) after one year of exposure to the environment, indicating 
excellent stability in atmospheric conditions. In addition, after 24 h in 
deionised water, the superhydrophobic CuFeCo powder was not oxi-
dised and the WCA remained unaffected. Moreover, the durability of the 
particles was evaluated by placing them in contact with droplets of 
different pH values (pH = 1, 4, 7, 9, and 12) for 10 min. This test did not 
show any changes in the WCA, which was still higher than 150◦, 
demonstrating excellent resistance against corrosive media. This also 
indicated that the particles were not oxidised and did not release copper, 
iron or cobalt ions into the aqueous solution. 
Since superhydrophobic surfaces can be superoleophilic under 
water, it was important to determine the underwater oil contact angle 
(UWOCA) of the superhydrophobic CuFeCo powder. Assuming a flat 
surface, the UWOCA can be expressed by the Bartell-Osterhof equation 





where θow, θw and θo are the UWOCA, the static WCA and the static OCA, 
respectively, while γoa, γwa and γow represent the surface free energy of 
oil-air, water-air and oil-water, respectively. Considering the hexane- 
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Fig. 5. ATR-FTIR spectroscopy shows the presence of a carboxylate group in 
the superhydrophobic CuFeCo powder surface (solid line) and pure dodecanoic 
acid (dotted line). 
Table 1 
Atomic percentages for each element present in the 
HR-XPS spectra.  
Element Percentage (%) 
C  65.8 
O  22.8 
Co  4.30 
Fe  3.10 
Cu  1.30  
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Fig. 6. HR-XPS of the chemical state of the metals in the nanocrystalline powder and the presence of a carboxylate group between oxygen and the metals: (a) C-1s; 
(b) O-1s; (c) Cu-2p; (d) Fe-2p and (e) Co-2p. 
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interfacial tension (γow = 33.40 mN/m), the surface free energy of 
hexane-air (γoa = 18.43 mN/m), the surface free energy of xylene-air 
(γoa = 29.50 mN/m) and the surface free energy of water-air (γwa 
= 72.0 mN/m), the calculated values of θow for hexane and xylene were 
1.5◦ and 1.6◦, respectively. These results confirmed that the surface was 
highly superoleophilic under water and allowed the separation of oil 
from water. 
Oil/water separation was carried out by pouring the minimum 
amount of CuFeCo particles into the two-phase system (Fig. 8, left vial). 
The oil was adsorbed onto the powder surface and a characteristic 
marble was formed, indicating that the sorption process was occurring 
(Fig. 8, middle vial) [28]. Given the ferromagnetic properties of the 
CuFeCo powder, a permanent magnet was used once all the oil had been 
adsorbed onto the surface to separate the oil-solid system from the 
water. Thus, pure water without the presence of oil or solid particles was 
obtained (Fig. 8, right vial). Different volumes of hexane, petroleum 
ether and xylene (40 µL, 80 µL, and 120 µL) were used with deionised 
water to study oil/water separation. First, the minimum amount of 
CuFeCo particles was added until a marble was formed, depending on 
the volume and the organic solvent used. This marble is characteristic of 
the oil/water separation process [56]. Then, a neodymium permanent 
magnet was used to retrieve the superhydrophobic CuFeCo particles 
containing the oil, while the water was decanted. This process was 
repeated up to 10 times before the powder lost its superhydrophobicity 
(WCA < 150◦). The separation efficiency remained constant after each 
cycle. 
The separation efficiency and sorption capacity were calculated 
using Eqs. (3) and (4), respectively:  
η=V/Vo.100                                                                                   (3)  
Q=(me-mo)/mo.100                                                                          (4) 
where V is the water volume after the separation and Vo the volume 
of oil and water before the separation in Eq. (3), and mo is the mass of 
CuFeCo particles before the adsorption and me the total mass of powder 
and oil after the process in Eq. (4). The separation efficiencies were 
97.0%, 96.5% and 96.0% and the sorption capacities were 82.0%, 
60.0% and 40.0% for hexane, petroleum ether and xylene, respectively 
(Table 2). 
These results revealed that different amounts of the CuFeCo solid 
solution powder were required to adsorb 40 µL of each oil due to the 
different viscosities of the oils [57–59]. Since hexane has the lowest 
viscosity (0.3 mPa⋅s) among the oils tested in this study, it required more 
CuFeCo particles for adsorption than petroleum ether (0.4 mPa⋅s) and 
xylene, which has the highest viscosity (0.8 mPa⋅s). The minimum mass 
of CuFeCo particles used to remove 40 µL, 80 µL and 120 µL of each type 
of oil were, respectively: 108.9 ± 1 mg, 179.2 ± 3 mg and 
309.2 ± 5 mg for hexane; 118.6 ± 2 mg, 172.3 ± 2 mg and 
196.9 ± 3 mg for the xylene isomers; and 121.5 ± 2 mg, 118.2 ± 2 mg 
and 146.4 ± 3 mg for petroleum ether. Since the superhydrophobic 
CuFeCo particles are homogeneous in their surface chemical composi-
tion as well as morphology and hierarchical structure, it is the viscosity 
of each oil that reduces the penetration into the structure and, therefore, 
the oil holding capacity. Accordingly, as the viscosity increases from 
hexane to xylene, the sorption capacity decreases. Additionally, the 
specific surface area as well as the pore size were also evaluated 
resulting in 0.7507 m2/g and pore width was 15 Å, respectively. The N2 
adsorption/desorption curves for the superhydrophobic CuFeCo sam-
ples are presented in Figure S3. 
3.5. Capture of microplastics 
Once it was demonstrated that the CuFeCo particles could separate 
oil from water, the ability of the superhydrophobic CuFeCo powder to 
remove MPs was studied. Different amounts of HDPE-MPs (0.2 MP/mL, 
0.6 MP/mL, 1.0 MP/mL, 1.4 MP/mL, 1.8 MP/mL and 2 MP/mL) were 
used. Three oils with different viscosities were used: hexane, petroleum 
ether and xylene. It is important to note that the method described in 
Section 2.4 caused the MPs to be displaced from the aqueous phase to 
the organic phase, indicating that the HDPE-MPs had better affinity for 
oils than for water. After adding 0.1 g of the superhydrophobic CuFeCo 
powder to the vortex (Fig. 9a) and under stirring conditions, a constant 
Fig. 7. Images of contact angles measurements: (a) before modification, the surface exhibited a WCA of 87 ± 1◦; (b) after modification with dodecanoic acid, the 
WCA was 162 ± 1◦ and (c) total adsorption of oil produces an OCA ~ 0◦. 
Fig. 8. Oil/water separation involving three stages: left, the water and oil (red) 
phases; middle, the addition of the minimum quantity of superhydrophobic 
CuFeCo powder that leads to the formation of an oil-containing marble; and 
right, pure water without oil. 
Table 2 
Average separation efficiency (η) and sorption capacity (Q) of the solid particles.   
Hexane Petroleum ether Xylene 
η (%)  97.0 ± 1  96.5 ± 2  96.0 ± 2 
Q (%)  82.0 ± 2  60.0 ± 5  40.0 ± 4  
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magnetic field was applied using a neodymium permanent magnet to 
retrieve the CuFeCo particles with the attached MPs and organic solvent. 
Once the MPs were attracted to the magnetic field and immobilised, the 
water without the oil and MPs was decanted to another vial (Fig. 9b and  
Video S1). Finally, the vial containing the CuFeCo particles, MPs and the 
organic phase was washed with absolute ethanol. It should be noted that 
the morphology as well as the size of the MPs varied slightly after their 
removal using this method. In fact, as seen in Fig. 9c and d, the MPs had 
an irregular morphology before the removal process and a more rounded 
morphology after the process. This difference was due to the stirring 
process that induced a reorganisation of the MPs. Moreover, the size of 
the MPs decreased by nearly 30%, although the MPs were not broken 
down. Finally, the CuFeCo powder was recycled up to ten times without 
losing its superhydrophobicity or releasing metallic ions (Fe, Co or Cu). 
To recycle the CuFeCo powder, the powder was first washed with 
ethanol to remove the oil. Second, a small quantity of deionised water 
was added and the mixture was sonicated to detach the MPs from the 
particles. Finally, the CuFeCo solid solution was retrieved under a 
magnetic field and the water containing the collected MPs was decanted. 
The recovered MPs were quantified, and the capture efficiency (ξ) 
and the efficiency of the process (η) were calculated as follows:  
ξ(%)=C0,MP/CMP.100                                                                       (5)  
η(%)=m0,MP/mMP.100                                                                      (6) 
where C0,MP and CMP are the concentration of the MP (MP/mL) 
before and after the capture, respectively, while m0,MP and mMP are the 
mass of MPs before and after the process, respectively. As shown in  
Fig. 9. Two different stages of the MP removal experiment using the CuFeCO powder: (a) under constant stirring, MPs were displaced from the water to the oil (red) 
in the stirring vortex before the superhydrophobic CuFeCo powder was added to the vortex and (b) water without the presence of MPs or hexane. Optical microscopy 
images of MPs (c) showing an irregular morphology before the capture experiment, and (d) exhibiting a more rounded morphology after the experiment. 
Video 1. A video clip is available online. Supplementary material related to 
this article can be found online at doi:10.1016/j.colsurfa.2021.127075. 
Table 3 
Concentrations of the MPs during the capture test, the capture efficiency (ξ) and 
the efficiency of the process (η).  
C0,MP CMP ξ (%) η (%)  
0.2  0.2 ± 0.1  100 ± 1  100 ± 1  
0.6  0.6 ± 0.1  100 ± 1  100 ± 1  
1.0  1.0 ± 0.1  100 ± 1  100 ± 1  
1.4  1.7 ± 0.1  83.0 ± 0.1  100 ± 1  
1.8  2.1 ± 0.1  87.5 ± 0.1  100 ± 1  
2.2  2.4 ± 0.2  90.2 ± 0.2  100 ± 1  
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Table 3, the capture efficiency reached its highest values at lower MP 
concentrations, indicating that the CuFeCo powder captured the MPs. By 
contrast, the capture efficiency decreased slightly at higher concentra-
tions. The decrease in concentration was due to the decrease in the 
absolute number of the MPs caused by agglomeration during stirring. 
Additionally, the efficiency of the process, which depended on the MP 
mass and was therefore not affected by agglomeration, showed values of 
100%, confirming that all the MPs had been captured and removed 
efficiently from the solution. 
The capture process was based on three combined mechanisms: the 
migration of MPs from water to the organic phase that was a hydro-
phobic solvent, the ability of oil to permeate the surface of the CuFeCo 
particles due to their superhydrophobic/superoleophilic properties and 
the ability of the CuFeCo particles to easily move and adapt to the shape 
of the MPs. Thus, MP capture can be described as follows. Once the oil 
has been added and under constant stirring, the MPs are displaced from 
water to the organic phase in the stirring vortex. After the addition of the 
superhydrophobic CuFeCo particles to the stirring vortex, the particles 
are immediately displaced from the aqueous phase to the organic one, 
which is the oil, because of better affinity. In the presence of the organic 
solvent, the superhydrophobic CuFeCo particles start to form the char-
acteristic marble and, enhanced by the centripetal force of the stirring 
process, the particles surround the MPs in the organic phase in order to 
capture them. As the CuFeCo particles are 20 times smaller than the 
MPs, they completely surround the MPs and capture them. Finally, a 
neodymium permanent magnet is used to retrieve the CuFeCo particles 
containing the attached MPs, while the water without any oil or MPs is 
decanted. 
4. Conclusions 
Nanostructured superhydrophobic CuFeCo alloyed particles were 
obtained to capture and remove microplastics. First, high-energy ball 
milling was used to prepare the CuFeCo solid solution. The liquid phase 
deposition of dodecanoic acid was then carried out to functionalise the 
surface and confer superhydrophobicity. FESEM revealed a decrease in 
the CuFeCo particle size to 10 µm after 24 h of milling, while HR-TEM 
showed a crystallite size of 20 nm. SQUID analysis confirmed the soft 
ferromagnetic properties of the CuFeCo particles, which was then used 
to retrieve these particles containing the oil (hexane, petroleum ether or 
xylene) and MPs by applying an external magnetic field. HR-XPS and 
ATR-FTIR analyses indicated surface functionalisation of the CuFeCo 
particles with a metal-dodecanoate compound, which caused a decrease 
in the surface free energy and an increase in the contact angle that 
indicated superhydrophobicity (WCA = 162 ± 1◦ and CAH = 1 ± 1◦) 
and superoleophilicity (OCA ~ 0◦). Finally, by taking advantage of these 
superwettable properties, the superhydrophobic CuFeCo particles were 
used to capture and remove HDPE-MPs at different concentrations with 
a capture efficiency (ξ) > 83%. The mass of MPs did not change, 
showing an efficiency of the process (η) of 100%. This process involved 
the migration of MPs from water to the organic phase (hexane, petro-
leum ether or xylene) and the ability of the metallic particles to easily 
adapt to and surround the MPs. The application of an external magnetic 
field enabled the retrieval of the CuFeCo particles along with the 
attached MPs and the organic phase, leaving no MPs in the water phase. 
Superhydrophobic materials have been widely used to remove 
organic solvents, but their ability to remove solid pollutants such as 
microplastics remains a challenge. Here, we report that these materials 
can be effectively used to remove microplastics. Moreover, we used a 
straightforward method that can be used in water treatment plants to 
remove pollutants such as oils and microplastics under constant stirring. 
Thus, this study provides a new environmental application of super-
hydrophobic materials in the removal of microplastics. 
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Removal of microplastics from wastewater effluent with advanced wastewater 
treatment technologies, Water Res 123 (2017) 401–407, https://doi.org/10.1016/ 
j.watres.2017.07.005. 
[10] L. Li, G. Xu, H. Yu, J. Xing, Dynamic membrane for micro-particle removal in 
wastewater treatment: performance and influencing factors, Sci. Total Environ. 
627 (2018) 332–340, https://doi.org/10.1016/j.scitotenv.2018.01.239. 
[11] A. Sanchez-Vidal, M. Canals, W.P. de Haan, J. Romero, M. Veny, Seagrasses 
provide a novel ecosystem service by trapping marine plastics, Sci. Rep. 11 (2021) 
254, https://doi.org/10.1038/s41598-020-79370-3. 
[12] M. Enfrin, L.F. Dumée, J. Lee, Nano/microplastics in water and wastewater 
treatment processes – Origin, impact and potential solutions, Water Res. 161 
(2019) 621–638, https://doi.org/10.1016/j.watres.2019.06.049. 
[13] L. Wang, A. Kaeppler, D. Fischer, J. Simmchen, Photocatalytic TiO 2 micromotors 
for removal of microplastics and suspended matter, ACS Appl. Mater. Interfaces 11 
(2019) 32937–32944, https://doi.org/10.1021/acsami.9b06128. 
[14] J. Wang, D. Yue, H. Wang, In situ Fe3O4 nanoparticles coating of polymers for 
separating hazardous PVC from microplastic mixtures, Chem. Eng. J. 407 (2021), 
127170, https://doi.org/10.1016/j.cej.2020.127170. 
[15] J. Wang, H. Wang, D. Yue, Insights into mechanism of hypochlorite-induced 
functionalization of polymers toward separating BFR-containing components from 
microplastics, ACS Appl. Mater. Interfaces 12 (2020) 36755–36767, https://doi. 
org/10.1021/acsami.0c09586. 
O. Rius-Ayra et al.                                                                                                                                                                                                                              
Colloids and Surfaces A: Physicochemical and Engineering Aspects 627 (2021) 127075
11
[16] T. Mani, S. Frehland, A. Kalberer, P. Burkhardt-Holm, Using castor oil to separate 
microplastics from four different environmental matrices, Anal. Methods 11 (2019) 
1788–1794, https://doi.org/10.1039/C8AY02559B. 
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